Cyclooxygenase (COX)-1, but preferable COX-2 catalyzes the synthesis of PGE2 in several tumors, promoting angiogenesis and a suppressive inflammation in their microenvironments. Different types of cancer vaccines have been combined with COX-2 inhibitors, assuming that its particular mechanism of action will not influence the overall results of the combination. In this research, a possible relationship between the type of cancer vaccine and the outcome of the combination with a COX inhibitor was experimentally addressed. We investigated whether nonsteroidal anti-inflammatory drugs (NSAIDs) affect the immune response to vaccination. Three adjuvants were evaluated for humoral and cellular response using ovalbumin (OVA) as antigen. We evaluated also the impact of indomethacin in five tumor models and the correlation of this effect with the secretion of prostaglandin E2 (PGE2) of these cells. We finally studied the combination of indomethacin with two cancer vaccines in three different experimental settings. COX inhibitor did not interfere with dendritic cells maturation in vitro and did not affect the frequency of splenic immune cell populations in mice. However, the induction of OVA-specific antibodies is affected by the COX inhibitor but its impact on cytotoxic CD8+ T cell response is adjuvant-dependent. In contrast, the antitumor effect of the COX inhibitor in the 3LL-D122 tumor model is not mediated by CD4+ or CD8+ T cells. Interestingly, the in vivo effect observed in this model and others didn't correlate with levels of PGE2 secretion by the tumor cell lines in vitro. Finally, the combination of a COX inhibitor with cancer vaccines may depend on the type of the cancer vaccine.
Introduction
Over the last few decades, several studies have been focused on the search of strategies to enhance effective antitumor immune responses. Among these strategies, tumor vaccination is a promising approach for cancer treatment due to the specificity of response, low toxicity, and induction of long-term memory [1] [2] . However, despite all of the noticeable progress made so far, there remain concerns about the limited clinical efficacy of this powerful therapeutic modality. Up until now, a number of immunosuppressive factors, including immune regulatory pathways/cells and tumor derived factors, have been identified which can impair an effective antitumor immunotherapeutic response [3] . The development of strategies to break these immunosuppressive mechanisms responsible for tumor immune escape is a key goal for an effective anticancer immunotherapy [4] . In this respect, nonsteroidal anti-inflammatory drugs (NSAIDs) exhibit a great potential to enhance the effectiveness of cancer immunotherapy [3] .
The main therapeutic target of NSAIDs is the enzyme cyclooxygenase (COX) [5] . The COX-1 isoform is implicated in homeostasis while the COX-2 is implicated in inflammatory process and in promoting tumorigenesis [6] [7] [8] . Several preclinical and clinical trials have demonstrated an impact of NSAIDs, especially the selective COX-2 inhibitors, either alone or in combination with other therapies, in reducing cancer risk, as well as improving survival rate in different types of cancer [9] [10] [11] . Even when the underlying mechanisms of these chemopreventive effects have not yet fully elucidated, some studies indicate that the selective COX-2 inhibitors, can increase the tumor site infiltration of CD4+ and CD8+ T cells, thereby positively regulating the tumor specific host immune response [12] - [17] . On the other hand, these drugs can modulate the activity of regulatory cells as tumor associated macrophages, T regulatory cells and myeloid-derived suppressor cells through the inhibition of prostaglandin E2 (PGE2), a key mediator of the immunosuppressive role of this kind of cells [18] [19] [20] [21]. These accumulating evidences support the idea that NSAIDs modulate the effector mechanisms of anti-tumor immunity through COX-2 dependent ways.
Such actions may constitute an important facet of the effectiveness of anti-cancer immunotherapy [22] . However, in the last few years, many studies have showed promising results of the non-selective COX inhibitors in the treatment of cancer. The underlying mechanisms of this effect implicate both COX-1-dependent and COX-independent ways [23] [24] [25] [26] [27] . However, even for the promising results of this non-selective inhibitor in the cancer therapy, there just a few studies concerning the combination of these NSAIDs with cancer vaccine as well as its impact on the immune response to vaccination.
On the other hand, some cancer vaccines using very small size proteoliposomes (VSSP) as adjuvant are currently under investigation [28] [29] [30] [31] .
This adjuvant has been proved to promote dendritic cell (DC) maturation, antigen cross presentation to CD8+ T cells, T helper (Th) polarization, enhance cytotoxic T lymphocyte (CTL) response [32] [33] and induce a repopulation of immune cells in leukopenic scenarios [34] while simultaneously abrogating the immunosuppressive capacity of myeloid-derived suppressor cells [35] .
Considering this, here, we evaluated the effect of the non-selective inhibitor indomethacin on some immune cells and its impact in the humoral and cellular response to vaccination. We studied also the effect of this NSAID in different tumor models either alone or in combination with different cancer vaccines.
Materials and Methods

Mice
C57BL/6 and Balb/c female mice, 8-to 12-week-old, purchased from the Center for Laboratory Animal Production (CENPALAB), were treated according to the Cuban National Laboratory Animal Use Guidelines. All animals were maintained under specific-pathogen-free conditions at the CIM, (Havana, Cuba).
Cell Lines and Culture Conditions
MB16-F10 (melanoma), TC1 (lung epithelial cell line expressing HPV-16 E6 and E7, and an activated ras oncogene) and 3LL-D122 (Lewis lung carcinoma) are murine cell lines derived from C57BL/6. 4T1 (mouse mammary carcinoma) and CT26 (carcinogen-induced, undifferentiated colon carcinoma) are cell lines derived from Balb/c mice. All cell lines were grown in DMEM-F12 (Gibco) supplemented with 10% fetal calf serum (FCS) (Hyclone), 2 mM L-glutamine, 1 mM sodium pyruvate, penicillin 100 U/mL, and streptomycin 100 μg/mL (Life Technologies).
COX Inhibition
COX inhibition was achieved using indomethacin. For in vitro experiments, a 0.15 M stock solution of indomethacin (Sigma) was prepared in 1 M Tris-HCl, pH 8.2, and then diluted with culture medium at the different concentrations evaluated. For in vivo experiments, a stock solution of indomethacin (Quimefa) was prepared in ethanol 20% at a final concentration of 2.5 mg/mL. This was further added to the drinking bottles at different concentrations. In all the experiments, fresh drinking water was prepared three times a week.
Effect of COX Inhibition on Bone Marrow-Derived Dendritic Cells in Vitro
Bone marrow cells were harvested from femurs and tibias and cultured in the presence of Flt-3 ligand at 15% in IMDM medium (Gibco) as described elsewhere [36] [37] Twenty-four hours before harvesting, DC were matured with 1 µg/ml LPS (Sigma) with or without indomethacin at 0.5 μM or 10 μM. Expression of cell surface markers was analyzed using a Gallios flow cytometer. The following goat anti-mouse conjugated antibodies specific for surface markers were used (PE: phycoerythrin; FITC: fluorescein isothiocyanate): anti-CD11c-PE (eBioscience 12-0116-42), anti-CD40-FITC (BD Pharmingen, 553790), anti-CD80-FITC (BD Pharmingen, 553768) and anti-I-Ad-FITC (eBioscience 11-535185). , where b is the smaller dimension of the tumor. Indomethacin was prepared from the stock solution at a final concentration of 20 μg/mL (50 μg/mouse/day). In all tumor models, the treatment with indomethacin started at day 0 and was maintained until the end of the experiment.
Effect of COX Inhibition on Tumor Growth in Different Tumor Models
Determination of Prostaglandin E2 Concentration
Prostaglandin E2 (PGE2) concentration was determined by ELISA, using a Prostaglandin E2 Parameter Assay Kit (R & D Systems SKE004B). Cell lines were culture for 24 h and then the supernatant were collected. PGE2 levels were expressed as ng/ml/1 × 10 6 cells.
Effect of COX Inhibition on Immune Cell Populations
Healthy C57BL/6 and Balb/c were treated or not with indomethacin for 14 days.
On days 0, 7 and 14 spleens were removed and the isolated splenocytes were incu- 3LL-D122 model. NGcGM3/VSSP vaccine was prepared as described by Estevez [38] . C57BL/6 mice challenged with 3LL-D122 clone (2 × 10 5 /mouse) into the right hind footpad, SC were treated twice with NGcGM3/VSSP (200 µg per mouse), 7 and 21 days after tumor implantation, as described previously [39] .
Measurement of Antibodies to OVA
Primary tumors were surgically removed and 21 days after, animals were sacrificed. The spontaneous lung metastases were quantified by weighing the lungs.
Control groups received PBS. Indomethacin was given to the mice since the beginning of the experiment until the surgery. One week later, indomethacin was given again. These results indicate that indomethacin does not interfere with DC maturation in vitro. Further experiment should be performance to evaluate this effect in vivo.
Statistical Analyses
NSAID Indomethacin Does Not Affect the Frequency of Splenic Immune Cell Populations in Balb/c and C57BL/6 Mice
Once evaluated the effect of indomethacin on DC maturation in vitro, the possibility that the oral intake of this NSAID could affect the amount of splenic adaptive immune cells in vivo was checked. Given the genetic differences between Balb/c and C57BL/6 mice strains, this study was carried out on both strains of animals. For this purpose, naïve C57BL/6 and Balb/c mice were treated with 50 µg/mouse/day of indomethacin for three weeks. On days 7, 14 and 21, spleens from treated or untreated animals were removed and the amount of B cells, CD4+ and CD8+ T cells were assessed by flow cytometry. 
The Impact of Indomethacin in the Induction of OVA-Specific Antibodies Is Adjuvant-Dependent
The effect of indomethacin on B cells functionality was assessed through the in- Quantification of OVA specific antibodies was performed by ELISA. 
The Interference of COX Inhibitor Indomethacin on Cytotoxic CD8+ T Cell Response Is Adjuvant-Dependent
Next, a possible interference of indomethacin on CTL activity was explored in vaccinated mice. For this purpose, an in vivo CTL assay was performed by immunizing mice with OVA and VSSP (OVA/VSSP) or OVA and polyinosinic-polycytidylic acid as adjuvant (OVA/Poly I:C). Both adjuvants are especially suited for Th1 polarization and promoters of CTL response [32] [40]. Noteworthy, immunization of mice while receiving indomethacin with OVA/Poly I:C resulted in a 55% decrease of antigen specific lysis, compared with the control group ( Figure 4 ). However, in mice vaccinated with OVA/VSSP, irrespective if were treated or not with indomethacin, the stimulated specific CD8+ T cells exhibited similar lytic capacity. These data suggest that the effect of the COX inhibitor indomethacin on CTL-response will depend on the adjuvant used. 
The Antitumor Effect of the NSAID Indomethacin in the 3LL-D122 Tumor Model Is Not Mediated by CD4+ or CD8+T Cells
After observing a decrease in the specific CTL effector function in mice chronically treated with indomethacin, the next question was if this impairment affects the antitumor effect of this NSAID. In further experiments 3LL-D122 lung tumor bearing mice received indomethacin at a final concentration of 50 µg/ mouse/day during all the experiment. A significant relative reduction of the tumor volume ( Figure 5(a) ) was evident in animals under the COX inhibitor treatment. Then to assess if the acquired immunity effector T cells are involved in this antitumor effect, the experiment of Figure 5 (a) was repeated but depleting in the mice CD4+ or CD8+ T cells. Interestingly, indomethacin conserved its full antitumor activity even in the absence of CD4+ or CD8+ T cells, suggesting a minimal, if any, influence of these immune cells in the effect of this drug at least in this model ( Figure 5(b) ).
The in Vivo Antitumor Effect of Indomethacin Does Not Correlate with Levels of PGE2 Secretion by Tumor Cell Lines in Vitro
In order to check if other solid tumor models were sensitive to the COX inhibitor indomethacin, as was the case of 3LL-D122 tumors, Balb/c mice were challenged with the mammary carcinoma tumor 4T1 or the colon carcinoma tumor Indo, Indomethacin; αCD4, anti-CD4 monoclonal antibody; αCD8, anti-CD8 monoclonal antibody; SEM, standard error of the mean.
CT26
, and C57BL/6 mice with B16-F10 melanoma or lung epithelial tumor TC1. In all cases mice were exposed to indomethacin (50 µg/mouse/day) until the end of the experiment. Tumor volume was measured three times a week. As expected, not all the tumor models were sensitive to the drug ( Figure 6 ). In 4T1 tumor bearing mice indomethacin didn't show any effect on tumor growth (Figure 6(a) (1.9 ± 1.5 ng/106 cells and 1.6 ± 1.4 ng/106, respectively). Curiously, even when TC1 cells almost didn't secrete PGE2, indomethacin showed a significant impact on tumor growth when these cells were implanted in mice. On the contrary, in mice treated with this NSAID no antitumor effect was observed after 4T1 cells' transplant, even when these cells produce large amounts of PGE2. Overall, these results suggest the absence of an absolute conditioning of the antitumor effect of indomethacin to the direct capacity of tumor cells to secrete PGE2.
Combining the COX Inhibitor Indomethacin with an E7 Peptide/VSSP Vaccine Abrogates the Antitumor Effect of the Drug in TC1 Tumors
Once defined an antitumor effect of indomethacin in certain tumor models, a possible potentiation of this effect by selected VSSP based cancer vaccines was evaluated. VSSP is a peculiar adjuvant system characterized by its capacity to induce and sustain specific CTL responses in severe immune compromised hosts [34] . A first selected model for this experiment was the lung carcinoma TC1, the same time of the first immunization and was maintained until the end of the experiment. As expected, tumor growth in the vaccinated group was similar to the control group in which mice received PBS (Figure 7(b) ). On the contrary indomethacin uptake provoked a significant reduction in tumor volume on days 16, 21 and 23. Surprisingly, when animals treated with indomethacin were immunized with the E7p/VSSP vaccine, the antitumor effect of the drug was completely abolished. This unexpected result is an infrequent case in which active immunotherapy interfere with the antitumor effect of a drug. 
Simultaneous Administration of the NSAID Indomethacin and the NGcGM3/VSSP Vaccine Not Only Maintained the Effect of the Drug on Primary 3LL-D122 Tumor Growth but Also Potentiated Its Antimetastatic Effect
To address if the observed interference of a VSSP based vaccine with indomethacin's antitumor effect in the TC1 tumor model could be generalized, a combination of the COX inhibitor with the NGcGM3/VSSP vaccine in the 3LL-D122 spontaneous lung metastasis model was experimented. This two steps model consists first in the primary tumor growth, followed by a metastatic widespread into the lungs after the surgical removal of the tumor. Seven and twenty-one days after inoculating mice with 3LL-D122 tumor cells in the footpad, the NGcGM3/VSSP vaccine was injected by SC route. Indomethacin (25 µg/mouse/day) was administrated in the drinking water since day 0 until the end of the experiment. While in the vaccinated group primary tumor development was similar than that observed in animals just injected with buffer, the treatment of mice with indomethacin resulted in a significant reduction of tumor volume, reproducing the previous disclosed results (Figure 7(a) ). On the other hand, in mice simultaneously vaccinated and treated with the COX inhibitor the antitumor effect of the drug was totally conserved, thought a potentiated antitumor result, associated to this combination, was not produced.
Finally, a possible option of potentiated effect of the NGcGM3/VSSP and indomethacin combination was tested in the spontaneous metastasis step of the 3LLD122 lung carci-noma model. When tumors on the mice footpad reached about 0.8 cm of diameter, they were removed by surgery and twenty-one days later the animals were sacrificed and the metastatic spread assessed through the lungs weights as a surrogate parameter (Figure 8 ). After surgery, the indomethacin supply was suspended and restored one week later. As usual immunization of tumor bearing mice with the NGcGM3/VSSP vaccine resulted in a significant reduction in lungs' weights (0.64 ± 0.24 g), compared with the control group that received PBS (1.11 ± 0.24 g) [39] . Similar to the result of the vaccinated group, mice treated with the COX inhibitor indomethacin showed also a significant decrease in lung weights (0.60 ± 0.34 g), while the same behavior was appreciated in mice immunized and treated with indomethacin (0.46 ± 0.14 g).
No statistical differences were found between the immunized group that received the COX inhibitor and the groups that just were treated with indomethacin or the vaccine. However, considering as a reference value the mean of the lung weights from the vaccinated group (0.64 g), the 62% of the mice treated with indomethacin showed lung weights under this value while just the 47% of the lung weights from the vaccinated group were under 0.64 g ( Table 1 ). Interestingly, the 87% of the mice that received the COX inhibitor indomethacin and the NGcGM3/VSSP vaccine exhibit lung weights under the mean of the vaccinated group, distribution with statistical difference according to Chi-square test. Together these results indicate that the combination of both treatments resulted in a better antimetastatic effect than the vaccine alone.
Discussion
Cancer vaccines represent the major form of active immunotherapy intended to activate the endogenous tumor antigen-specific response. Up until now, one of the most challenging t asks is to design anti-cancer vaccines accompanied by pharmacological strategies able to break the immunosuppressive barrier of the tumor microenvironment [3] . A variety of therapies have been evaluated for this purpose, including pharmacological, biological and metabolic agents [41] . Especially, the immunotherapeutic manipulation of COX-2/PGE2 signaling using demonstrated that the phenotype of DC matured in the presence of indomethacin, was not affected [42] . However, different to these previous studies, we evaluated also a higher dose of indomethacin. Interestingly, we observed that even at this high dose, the cell viability and the expression of cell surface markers were similar to the untreated control. The higher dose evaluated in this work is closer to those doses using in the in vivo experiments in mice. These results [44] . Our present study is in accordance whit the previous result, but also includes a similar evaluation for two different adjuvants, as Alum and VSSP showing that the effect on the humoral response seems to depend on the adjuvant type.
On the other hand, T cells, in particular the CD8+ CTLs, are considered the major contributors to the effectors mechanisms of antitumor immunity [45] .
The principal element of antitumor immunity is, in fact, the surveillance function of CTLs, whereby they recognize and kill potentially malignant MHC-I-positive cells. The effects of NSAIDs on the CTL response have been mainly assessed on in vitro experiments [46] . In our study, we evaluated the impact of indomethacin on the CTL response in mice immunized with OVA/Poly I:C or OVA/VSSP. In some models as the colon carcinoma CT26 and the mammary carcinoma 4T1, NSAIDs, specifically, indomethacin, also have shown antitumoral effects [56] [57] . On the other hand, in the lung epithelial tumor TC1 the selective inhibition of COX-2 did not have any antitumoral effect [17] . Even more, it have been reported that indomethacin augmented de frequency of MB16 tumor bearing mice [58] .
In our study, we observed an antitumoral effect for TC1 and CT26 tumor bearing mice. However, the treatment with indomethacin did not showed any effect in the tumor growth in the 4T1 and MB16 models. We assessed if this differential effect on the tumor growth was to the ability of these tumor cells of secrete naturally PGE2. We found out that even when indomethacin had a significant antitumoral effect in the TC1 model, these cells did not secrete PGE2 in vitro. As well, the 4T1 cell line secretes large levels of this cytokine but however indomethacin had no any effect on tumor growth in vivo. Together these results may indicate that indomethacin may act different on tumor growth depending on the tumor cell type and this effect is independent of the capacity of the cells of secrete PGE2 themselves in vitro trough a COX-independent way.
We also demonstrated in our study that the combinations between different cancer vaccines and NSAIDs may have different outcomes. Because of the results obtained from our experiment we choose VSSP-based cancer vaccine for the combination therapies. For TC1 subcutaneous model, it had previously described that the E7p/VSSP vaccine had a significant antitumoral effect on tumor growth [31] . Unexpectedly, we observed that when indomethacin and the E7p/VSSP are combined in an experimental set where the vaccine does not work, the antitumoral effect of this NSAID is complete abolished. However, in the 3LL-D122 model, the combination of indomethacin with the NGcGM3/VSSP vaccine did not lead to an abolishment of the effect of the drug but did not produce either a potentiation of the effect of the vaccine. On the contrary, the administration of indomethacin in the 3LL-D122 metastatic scenario lead to an augment of the antimetastatic effect of the NGcGM3/VSSP vaccine reported previously for this model, related to the percentage of individual beneficed [39] .
Together, these results may indicate that the combination of NSAIDs, specifically indomethacin with cancer vaccines, may have different results in dependence of the cancer vaccine type, as well as the tumor model. These differences observed between the no-selective inhibitors and the selective one may be due to its different mechanisms of actions. There have been described many mechanism for NSAIDs that are independent of COX-2 [23] [24] [25] [26] [27] , that implicate COX-1-dependent ways as well as pathways different of COX/PGE2. Because of all potentialities that have the use of NSAIDs in combination of with cancer vaccines, the study of the underlying mechanisms to explain the different outcomes observed in this work, is extremely necessary for the right selection of a proper strategy to enhance an effective antitumor response.
Conclusion
Overall, our results demonstrate that NSAIDs affect the humoral and the cellular response in mice immunized with OVA/CFA, OVA/Alum or OVA/Poly I:C, but do not interfere with VSSP effect. Our results also suggest that PGE2 secretion does not correlate with the antitumoral effect of indomethacin in different tumor models and this effect does not depend on CD4+ T or CD8+ T cells. Finally, this study corroborates that COX inhibitors can be used in combination with cancer vaccines but the final outcome will depend on the tumor model and the vaccine used.
